Background-HMGCR (3-Hydroxy-3-methylglutaryl coenzyme A reductase), the direct target of statin inhibition, undergoes alternative splicing of exon 13, which encodes part of the statin-binding domain of the enzyme. We hypothesized that HMGCR alternative splicing might be related to the interindividual variation in plasma low-density lipoprotein cholesterol response to statin treatment. Methods and Results-We measured mRNA expression of both the full-length and the alternatively spliced HMGCR transcript lacking exon 13 (HMGCRv_1) in 170 simvastatin-incubated immortalized lymphocyte cell lines derived from participants in the Cholesterol and Pharmacogenetics (CAP) study who were treated with simvastatin 40 mg/d for 6 weeks. Greater upregulation of HMGCRv_1 in vitro was significantly correlated (PՅ0.0001) with smaller in vivo reductions of plasma total cholesterol, low-density lipoprotein cholesterol, apoprotein B, and triglycerides and explained 6% to 15% of the variation in their response to treatment. In contrast, no significant relationship was found between expression of the full-length HMGCR transcript and in vivo response. By siRNA knockdown of the full-length transcript, we found that HMGCR enzyme activity measured in cells enriched in HMGCRv_1 was relatively resistant to statin inhibition, consistent with the association of increased alternative splicing with reduced statin response in the CAP study. In addition, we found that a common HMGCR single-nucleotide polymorphism (rs3846662) located within intron 13 was associated with variation in the proportion of HMGCR mRNA that is alternatively spliced.
(LDL-C) levels are major risk factors for cardiovascular disease, the leading cause of death in the industrialized world. HMGCR (3-Hydroxy-3-methylglutaryl coenzyme A reductase) inhibitors, or statins, inhibit endogenous cholesterol synthesis, thus stimulating uptake of LDL-C and resulting in a net reduction of plasma LDL-C. Although the efficacy of statins for lowering LDL-C and cardiovascular disease risk has been clearly demonstrated, a wide range of response exists among individuals. [1] [2] [3] [4] Known determinants of statin efficacy include age, smoking status, diet, body weight, physical activity, racial ancestry, and genetics. 4 -7 We recently reported that 2 common linked intronic single-nucleotide polymorphisms within HMGCR (rs17244841 and rs17238540, also designated SNPs 12 and 29) are associated with reduced simvastatin efficacy in the Cholesterol and Pharmacogenetics (CAP) study and form a haplotype (H7) with a third SNP, rs3846662 (also designated 20144), that is located in intron 13. 8 This haplotype has been independently reported to be associated with attenuated LDL-C lowering with pravastatin treatment. 9
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The 3 SNPs that make up H7 are intronic and not linked to a common coding SNP, suggesting that they may instead influence HMGCR gene expression. mRNA alternative splicing is a mechanism of generating variation that has become recognized as an important mechanism underlying differences in drug response (reviewed by Bracco and Kearsey 10 ). Johnson et al 11 reported the existence of an alternatively spliced transcript of HMGCR, HMGCRv_1, that lacks exon 13 but retains the open reading frame. HMGCRv_1 expression has previously been identified in Ͼ80 different tissue types, including liver, fetal liver, lymph node, peripheral leukocyte, and bone marrow. 12 Because exon 13 encodes a portion of the substrate-binding domain and statins act as competitive inhibitors of HMGCR, it is possible that the resulting isoform, HMGCRv_1, has altered enzyme activity and/or statin sensitivity compared with the full-length or classic isoform. Because intracellular cholesterol homeostasis is subject to precise regulation, variation in HMGCR alternative splicing also may be reflected in differences in expression of low-density lipoprotein receptor (LDLR). Thus, in this study, we sought to determine whether HMGCR alternative splicing of exon 13 is related to LDL-C response to statin treatment by measuring expression of both full-length and HMGCRv_1 transcripts in statin-incubated immortalized lymphocyte cell lines that were derived from subjects whose LDL-C response to statin had been measured previously and seeking correlations of in vitro gene expression with in vivo lipid response in the corresponding individuals. In addition, we sought evidence for functional consequences of exon 13 skipping by measuring enzyme activity in cells enriched in HMGCRv_1 via siRNA knockdown of the full-length transcript and testing for associations between HMGCR alternative splicing and LDLR gene expression. Finally, we sought to determine whether the magnitude of alternative splicing is associated with the HMGCR intron 13 SNP rs3846662 genotype.
Methods

Subjects
The CAP study included 335 black and 609 white men and women Ն30 years of age with baseline total cholesterol of 160 to 400 mg/dL. 6 A 2-week run-in with placebo was conducted to exclude potential participants unable to maintain Ն90% compliance. Other exclusion criteria included use of a lipid-lowering medication, known liver disease, and uncontrolled hypertriglyceridemia, blood pressure, or diabetes mellitus. 6 Baseline health, demographic, and physical examination data were obtained, and plasma total cholesterol, LDL-C, high-density lipoprotein cholesterol (HDL-C), triglycerides, and apolipoprotein (apo)B were measured on enrollment and after 4 and 6 weeks on 40 mg/d simvastatin. Compliance was assessed by pill counts every 2 weeks and averaged Ͼ95%. SNP rs3846662 was genotyped as previously described. 8 The protocol for the study was approved by the Committees for the Protection of Human Subjects at Children's Hospital and Research Center Oakland; the University of California San Francisco Medical Center; University of California, Los Angeles; University of Washington; and Cedars-Sinai Medical Center.
Simvastatin Incubation of Immortalized Lymphocytes
Lymphocytes were isolated from each CAP subject with IsoPrep (Robbins Scientific Corp, Sunnyvale, Calif) and immortalized by Epstein-Barr virus transformation. [13] [14] [15] Simvastatin, kindly provided by Merck Inc (Whitehouse Station, NJ), was 98% converted to the active form as previously described. 16 A subset of 170 cell lines were grown at 37°C and 5% CO 2 in RPMI Medium 1640 (Invitrogen, Carlsbad, Calif) supplemented with 10% FBS (HyClone, Logan, Utah), 500 U/mL penicillin/streptomycin, and 2 nmol/L GlutaMAX (Invitrogen) and exposed in replicate to 1.8 mol/L (nϭ119) or 14.5 mol/L (nϭ51) activated simvastatin or a control solution for 24 hours.
HMGCR mRNA Quantification
RNA from replicate experiments was pooled, and HMGCR gene expression was measured with 3 TaqMan assays spanning exons 6 to 7 (H5), exons 12 to 13 (H13), and exons 12 to 14 (H14) to determine the total, full-length, and HMGCRv_1 transcripts, respectively, via prequantified serially diluted standards. The H14 assay consisted of primers (CTCCAGTACCTACCTTACAGGGATT and GCTGCTG GCACCTCCA) and probe (5Ј-FAM-CAAGCAAGGAGTA-ATTAT-nonfluorescent quencher-3Ј), and the H5 and H13 assays were purchased from Applied Biosystems (Foster City, Calif). LDLR gene expression also was measured via TaqMan Assay (Applied Biosystems). Each real-time polymerase chain reaction (PCR) was performed in triplicate on an ABI PRISM 7900 Sequence Detection System with standard reagents and 125 ng cDNA (Applied Biosystems).
siRNA Transfection
FreeStyle 293 human kidney-derived cells (Invitrogen) were transfected with 2 siRNA duplexes (Dharmacon, Lafayette, Colo) targeting exon 13 (UAUCCAAUAACAUUCUCACUU and UUGCU-CUGCAGCCUCUAUUU) or a nontargeting control siRNA, siCONTROL pool 2 (Dharmacon), at a final concentration of 100 nmol/L with 293fectin (Invitrogen). HMGCR gene expression and enzyme activity were measured in siRNA-transfected and control cells 16 hours after transfection.
HMGCR Enzymatic Activity
HMGCR enzyme activity was measured in the presence or absence of simvastatin (0.15, 1.5, and 6.0 nmol/L) as previously described. 17 Activity was expressed as picomole of mevalonate formed per minute per 500 000 homogenized live cells. The traditional units of per 1 mg protein may be inappropriate because protein may be quantified from both living and dead cells, whereas only living homogenized cells contribute to activity. Cell count was determined on the Guava Personal Cell Analysis fluorescent-activated cell sorting (Guava Technologies Inc, Hayward, Calif).
Statistical Analyses
The real-time assay replicates were normalized against SLC7A and CLPTM1, 18 the expression of which was validated to be unchanged by simvastatin treatment (data not shown). Fold changes were calculated as the mRNA quantity of the statin-treated sample divided by the buffer-exposed sample. The ratio of fold changes, HMGCRv_1 to total HMGCR, was used to assess splicing independently of the effects on overall transcription. Multivariate regression models were created with the absolute and percent changes of in vivo lipid parameters as dependent variables and in vitro HMGCR expression as independent variables. Relationships between gene expression and plasma lipid and lipoprotein changes were examined separately for each in vitro statin dose (1.8 mol/L [nϭ119] and 14.5 mol/L [nϭ51]); the results were combined because similar associations were seen at both doses and because the magnitude of induction of either HMGCR transcript did not differ significantly between the 2 doses. All models included adjustment for age, race, and smoking status because these variables were associated with LDL-C response to simvastatin in CAP, 6 as well as sex and body mass index. Plasma triglyceride concentrations were log transformed. Bonferroni adjustment was used to estimate significance after adjustment for multiple comparisons. All statistical analyses were performed with JMP version 6.0.3 (SAS Institute, Inc, Cary, NC).
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
Identification of HMGCRv_1 Expression in Immortalized Lymphocytes
Reverse-transcription PCR with primers spanning exon 12 to 14 revealed variation in the magnitude of HMGCRv_1 expression across cell lines derived from CAP subjects ( Figure  1 ). Real-time PCR analysis of 170 immortalized lymphocyte cell lines showed that basal levels of HMGCRv_1 transcripts varied widely, ranging from 15 372 to 492 992 molecules of HMGCRv_1/125 ng cDNA and representing between 7.5% and 95.3% of the total HMGCR transcripts. On average, HMGCRv_1 transcripts represented 41.5% of the total HMGCR transcripts quantified. Reverse-transcription PCR of various sets of all HMGCR exon-exon junctions did not identify any other alternatively spliced HMGCR transcripts (data not shown).
In Vivo Response to Simvastatin Treatment
The demographic characteristics and lipid and apoprotein responses to simvastatin treatment in the subset of CAP subjects from whom the cell lines in the present analysis were derived are shown in Tables 1 and 2 . The subset was enriched in blacks and had a slightly greater proportion of female subjects than did the entire cohort. In addition, the population tested had somewhat greater baseline triglycerides, LDL-C, and HDL-C, as well as lower total cholesterol, LDL-C, and HDL-C changes, with statin treatment.
Upregulation of HMGCR mRNA Expression in Statin-Treated Lymphocytes
To determine whether HMGCRv_1 expression is upregulated with statin treatment, 170 immortalized lymphocyte cell lines were incubated with activated simvastatin (1.8 mol/L [nϭ119] or 14.5 mol/L [nϭ51]) or sham buffer. Full-length HMGCR and HMGCRv_1 transcripts were induced to a similar degree, 1.53Ϯ0.03-fold and 1.45Ϯ0.04-fold (averageϮSE), respectively. Induced lev-els of both transcripts were slightly higher in men than women, with full-length HMGCR upregulated 1.56Ϯ0.04fold in men compared with 1.44Ϯ0.04-fold in women (PϽ0.01) and HMGCRv_1 upregulated 1.57Ϯ0.07-fold in men versus 1.38Ϯ0.04-fold in women (PϽ0.01). On the other hand, no significant differences were found in the magnitude of induction of either transcript between cell lines derived from blacks and those derived from whites. In a subset of cell lines (nϭ5), each incubated with 7 simvastatin concentrations ranging from 0.6 to 14.5 mol/L, it was determined that 0.83 mol/L was required for half-maximal induction of both HMGCR transcripts (data not shown).
HMGCR mRNA Expression in Statin-Treated Lymphocytes Is Correlated With In Vivo Lipid Response
We next tested whether the magnitude of transcriptional upregulation of either the full-length or HMGCRv_1 transcripts in response to in vitro simvastatin incubation was related to interindividual differences in statin efficacy as assessed by lipid and lipoprotein changes in vivo ( Figure  2 ). No significant relationships were found between in vitro expression of the full-length HMGCR transcript and in vivo response (data not shown). In contrast, greater in vitro induction of HMGCRv_1 was significantly (PϽ0.001) associated with smaller in vivo absolute and percent reductions of total cholesterol, LDL-C, apoB, and triglycerides ( Figure 2 ). HMGCRv_1 expression was not significantly associated with the absolute or percentage changes in HDL-C.
In regression models, HMGCRv_1 expression explained 9% of the variance in changes of both total and LDL-C and 15% of the variance in change of apoB. The magnitude of LDL-C change associated with variation in HMGCRv_1 expression ranged from Ϫ68% to Ϫ3% of baseline. In vitro HMGCRv_1 expression in the absence of statin was not associated with in vivo lipid or lipoprotein measurements at baseline (data not shown).
The relationship between expression of HMGCRv_1 and statin efficacy was significant in both races (nϭ110 blacks, nϭ60 whites; both PϽ0.01), and no significant difference was found in HMGCRv_1 expression after statin treatment between the 2 races. However, the ratio of HMGCRv_1 to total HMGCR was slightly higher in blacks than whites, 0.99Ϯ0.02 and 0.96Ϯ0.06, respectively (Pϭ0.29).
Cellular Enrichment of HMGCRv_1 Results in Resistance of HMGCR Activity to Simvastatin
The association between greater alternative splicing and lower statin response raised the possibility that exon 13 skipping results in an HMGCR isoform resistant to statin inhibition compared with the full-length isoform. To test this hypothesis, we produced 293 human kidney cells enriched in the HMGCRv_1 transcript by knocking down the expression of the full-length transcript using 2 siRNA duplexes targeted to exon 13. siRNA transfection resulted in Ϸ68% knockdown of the full-length transcript with minimal effects on HMGCRv_1 ( Figure 3A ). In addition, siRNA-transfected cells had greater residual enzymatic activity when treated with concentrations of simvastatin ranging from 150 pmol/L to 6.0 nmol/L ( Figure 3B ). Transfection with a nontargeting control siRNA duplex did not alter the expression of either HMGCR transcript, nor did it affect statin sensitivity of the enzyme (data not shown), demonstrating that the change in statin sensitivity was due specifically to HMGCRv_1 enrichment.
Relationship Between HMGCR Alternative Splicing and LDLR Gene Expression in Response to Statin
As predicted by their coregulation by sterol regulatory element-binding proteins, the magnitude of LDLR with statin incubation upregulation was positively correlated with total HMGCR induction (rϭ0.30, Pϭ0.0001). However, greater alternative splicing of HMGCR with statin treatment was associated with reduced upregulation of LDLR (rϭϪ0.10, Pϭ0.0342). Because statins induce LDL-C uptake as a consequence of LDLR-mediated LDL-C clearance, smaller statin-induced upregulation of LDLR is consistent with our finding that HMGCR exon 13 alternative splicing influences the ability of statin to reduce plasma LDL-C levels. . P values are for multiple regression models including age, race, smoking status, sex, and body mass index. Figure 4 shows that incubation of cells with 1.8 mol/L simvastatin resulted in a 40% greater induction of the full-length HMGCR transcript in SNP rs3846662 A/A homozygotes than in either A/G or G/G subjects (PϽ0.0001). Conversely, expression of HMGCRv_1 in the A/A individuals was 20% lower than in carriers of 1 copy of the G allele (Pϭ0.0031). No statistically significant differences were found between induction of either the full-length HMGCR or HMGCRv_1 transcripts between the A/G and G/G subjects.
Relationship Between HMGCR SNP rs3846662 Genotype and Exon 13 Alternative Splicing
Discussion
mRNA alternative splicing is a mechanism of generating variation that has been implicated as a mechanism regulating cardiovascular disease risk. 19 -24 Recently, alternative splicing has become recognized as an important mechanism underlying differences in drug response. 25 For example, alternative splicing of the sodium-potassium-chloride transporter 2 (NKCC2) has been shown to influence furosemide treatment for hypertension because of differential transport kinetics of the resulting isoforms. 26 Here, we provide evidence that interindividual variation in the magnitude of expression of an alternatively spliced HMGCR mRNA lacking exon 13, HMGCRv_1, contributes to variability in LDL-C, apoB, and triglyceride reduction with simvastatin therapy. Greater in vitro upregulation of HMGCRv_1 after statin treatment was significantly associated with reduced in vivo statin-induced change in total cholesterol, LDL-C, apoB, and triglyceride. This relationship is attributable specifically to HMGCR alternative splicing because no association between full-length HMGCR mRNA expression and statin response was found. Additionally, greater induction of HMGCRv_1 with statin treatment was associated with reduced upregulation of LDLR, one of the major mechanisms by which statins lower levels of plasma LDL-C, apoB, and triglyceride-rich lipoproteins. Thus, in vitro HMGCRv_1 expression is a molecular marker for the . Association of the HMGCR SNP rs3846662 genotype with statin-induced expression of the unspliced and alternatively spliced HMGCR transcripts. HMGCR gene expression was measured in immortalized lymphocytes derived from CAP subjects with 3 TaqMan assays specific for the total HMGCR transcripts, the full-length HMGCR transcript (including exon 13), and HMGCRv_1 (lacking exon 13) after 24 hours of incubation with 1.8 mol/L simvastatin (nϭ119). HMGCR SNP rs3846662 was genotyped with Ampliflor primers, and associations between baseline and statin-treated HMGCR gene expression with SNP rs3846662 genotype were tested with a dominant model in JMP 6.0. Ratios of the fold changes in both the HMGCRv_1 and fulllength HMGCR transcripts to the fold change in total HMGCR transcripts were used to adjust the measurements of exon 13 alternative splicing for overall changes in HMGCR gene expression.
magnitude of LDL-C and apoB reductions with statin therapy.
On the basis of our current data, HMGCRv_1 expression explains only a fraction of the variation in LDL-C, apoB, and triglyceride response to statins (9%, 15%, and 6%, respectively); however, this proportion probably is highly underestimated because of the nature of the experiment. A direct measurement of hepatic HMGCRv_1 in a subject currently undergoing statin treatment would likely be much more closely related to his or her lipid and lipoprotein response than our in vitro measurement in a statin-incubated immortalized lymphocyte cell line. In addition, when age, race, smoking status, and body mass index are added to the model, the combination of these parameters accounts for 24% of the variation in LDL-C response, 29% of the variation in apoB response, and 8% of the variation in triglyceride, with HMGCRv_1 gene expression the most significant predictor of response in all 3. Because previous studies of genetic variation associated with statin response have explained Ͻ2% to 7.5% of the variation in LDL-C and HDL-C, 8, 27 our findings point to a pathway that has much more substantial impact than previously identified SNPs. This finding is the first to establish a substantial contribution of a biological process to variation in statin efficacy. Furthermore, because HMGCR is directly involved in cholesterol homeostasis, these results demonstrate that variation in pharmacodynamics can have relevance to drug efficacy in addition to traditional pharmacokinetic mechanisms.
In the original description of HMGCRv_1, Johnson et al 11 assumed that the resulting HMGCR isoform would be catalytically inactive because exon 13 (residues 522 to 574) encodes a portion of the catalytic domain, generally described as exons 11 through 20 (residues 426 to 888). 11,28 -30 However, the key residues for substrate binding, known as the cis loop (residues 684 to 692), are encoded by exon 16 and thus may not be affected by exon 13 skipping. Although catalytic function may be preserved, the deletion may diminish enzymatic activity owing to the loss of Glu 559 , a residue involved in catalysis, and the truncation of the L domain (residues 528 to 590 and 694 to 872), which makes multiple contacts with HMG-CoA. 28, 31 Verification of this hypothesis requires identification and characterization of a protein isoform or expressed construct specifically lacking exon 13.
Statins competitively inhibit HMGCR activity by forming polar interactions between the HMG moiety of the statin and the cis loop of HMGCR. In addition, statins form multiple van der Waals interactions with HMGCR residues such as Leu 562 (encoded by exon 13); thus, its loss may contribute to the apparent reduction in simvastatin sensitivity that we observed. Other statins such as rosuvastatin, atorvastatin, and fluvastatin form additional interactions with Arg 590 , Arg 568 , and Ser 565 . 32 Further investigation is required to determine whether HMGCRv_1 has additional resistance to these statins. The change in primary structure with the loss of exon 13 also could influence the secondary, tertiary, or quaternary structure in a manner that could alter either substrate or inhibitor binding. 28 An earlier example of an HMGCR mRNA splicing aberration was described in the UT2* cell line, a mutagenized Chinese hamster ovary cell line containing 2 HMGCR splice donor site mutations. These mutations interrupt the open reading frame, and the predicted truncated protein would lack the entire catalytic domain. 33 Despite these mutations, the UT2* cell line expresses a smaller but enzymatically active isoform of HMGCR that has lower specific activity (52 versus 275 pmol·min Ϫ1 ·mg Ϫ1 ) and statin sensitivity compared with the normal isoform. 34 The authors were unable to identify an HMGCR transcript that could account for this novel isoform; however, this finding suggests that splicing mutations around exon 13 can result in an active, and partially statin-resistant, isoform.
Our finding of a correlation between greater statin-induced levels of HMGCRv_1 and reduced LDLR upregulation suggests that exon 13 skipping has a functional effect on HMGCR statin sensitivity. In further support of the functional effect of HMGCR alternative splicing, we found that greater alternative splicing at baseline is correlated with greater expression of LDLR (rϭ0.26, Pϭ0.0001; data not shown). This relationship could account for the lack of a correlation between HMGCR alternative splicing and LDL-C levels at baseline because concordant regulation would be expected to maintain cholesterol homeostasis.
Our studies have demonstrated that SNP rs3846662, a common genetic polymorphism of human HMGCR, is related to the proportion of HMGCR mRNA that is alternatively spliced. The G allele was reciprocally associated with an increase in HMGCRv_1 expression and a decrease in the expression of the full-length transcript, suggesting that the allele containing this SNP specifically modulates exon 13 alternative splicing and not overall HMGCR gene expression. The SNP is located within intron 13 but is not found in either the splice donor or acceptor sites of exon 13 or 14. However, its location proximal to the site of alternative splicing suggests that it may lie in a regulatory motif responsible for binding factors that modulate exon 13 skipping.
Although the SNP rs3846662 genotype is related to statininduced expression of HMGCRv_1, the fact that we identified both the full-length and HMGCRv_1 transcripts in all subjects tested regardless of genotype demonstrates that SNP rs3846662 is not the sole determinant of exon 13 alternative splicing. This may account for our finding that in the full CAP population, the SNP rs3846662 genotype by itself was not significantly associated with statin response. 8 Further studies are required to determine whether rs3846662 has a direct effect on HMGCR alternative splicing and what other factors may modulate the extent of splicing.
Previously, we reported that association of statin resistance with H7, a haplotype that contains SNP rs3846662, was observed in blacks but not in whites in the CAP study. 8 In contrast, the HMGCRv_1 relationship to reduced statin response was found in both the black and white subpopulations tested in the present report. This discrepancy may be due to the fact that a large racial difference exists in the allele frequency of SNP rs3846662, the G allele being almost twice as prevalent in blacks (allele frequency, 87.9%) compared with whites (allele frequency, 47.4%). 8 This is consistent with the possibility that the CAP trial may have been underpowered to detect the H7 statin-resistant phenotype in whites.
One limitation of the present study is the use of immortalized lymphocyte cell lines as the model system compared with measurements of gene expression in vivo or in fresh lymphocytes. Moreover, statins act primarily in the liver, and it is not known whether the HMGCR alternative splicing that we have observed in lymphocytes occurs in parallel in the liver. However, HMGCRv_1 has been previously identified in the liver, and peripheral mononuclear cell gene expression has been shown to be a marker for hepatic cholesterol metabolism with concordant HMGCR regulation between the 2 tissues. 11, 35, 36 Our findings point to a major role of HMGCR alternative splicing in influencing cholesterol response to statin treatment and thus exemplify how alternative splicing can act as a modifier of drug response. Although measurement of HMGCRv_1 expression on its own does not yet have clinical utility, its importance lies in highlighting new pathways and effects mediated by alternative splicing and its impacts on mechanisms related to cholesterol metabolism. This information also may lead to improved prediction of individuals who would be most likely to benefit from statin treatment and to the identification of new drug targets for improving statin efficacy.
